9 Aneurysmal changes were found at the BTs 12 weeks postligation in the absence of any known predisposing risk factors. Flow in the BA increased by 105%-900% after CCA ligation, 17 and the degree of aneurysmal changes correlated with the degree of the BA flow rate increase.
I
t is generally accepted that hemodynamics, particularly WSS, play a significant role in IA initiation.
14,38
Although demographic studies have demonstrated that hypertension, smoking, sex, and genetic predisposition may contribute to IA pathogenesis, 20 these lesions are predominantly found at locations associated with unique hemodynamic environments, such as apices of arterial bifurcations or outer curves on or near the circle of Willis, regardless of which predisposing factors are present. 38 Furthermore, in a well-known experimental IA model in rodents, 1, 13, 34 hypertension was induced through renal artery ligation, but it was not until after ligation of a CCA that aneurysms developed in the contralateral cerebral vasculature. Hence, some degree of hemodynamic insult appears critical in triggering IA initiation. But little is known about the nature of the inciting hemodynamics and how such an aneurysm-initiating insult is temporally related to the pathophysiological changes during IA development.
To dissect the role of hemodynamics in IA development without simultaneously dealing with other confounding risk factors, we previously induced nascent IAs in rabbits by imparting a hemodynamic insult via unilateral or bilateral CCA ligation while keeping other factors unperturbed.morphological aneurysmal changes in this basilar bifurcation model result from an arterial response to hemodynamic insult.
What induces this arterial response? It has been demonstrated that the vessel wall cannot sense flow rate but does respond to WSS (the frictional force exerted tangential to the surface by flowing fluid) and pressure force (perpendicular to the surface) from the blood. 43 Numerous studies have implicated WSS in a critical role in vascular remodeling and pathophysiology via the endothelial cell's exquisite sensitivity and response to fluid shear stress. 5, 6 In response to sustained WSS elevation, arteries typically undergo endothelial cell-mediated adaptive outward remodeling to bring WSS down to the physiological baseline, at which point the remodeling process ceases. 10, 21, 22 We recently found in the aforementioned basilar bifurcation model that, following CCA ligation, WSS at the BT increased 5-fold. 32, 39 Furthermore, at Day 5 postligation, IEL loss, medial thinning, and bulge formation were observed; and these aneurysm-initiating events were correlated with local exposure to high WSS and positive WSSGs, that is, a spatial increase of WSS along the flow.
32,39
These observations indicate a critical role for WSS in flow-induced aneurysm initiation. However, it remains unclear whether the WSS insult must be continuously present for aneurysmal damage to persist and progress. The initial WSS elevations in the BA after CCA ligation eventually normalize following rapid adaptive enlargement of the BA. In one of our previous studies, a 52% correction in WSS occurred by 7 days after ligation; and by Day 28, WSS returned to baseline levels. 17 Nascent IA formation at the BT may recapitulate this adaptive arterial expansion, ceasing when WSS returns to baseline. Alternatively, the WSS insult may do irreversible damage, eliciting a sustained pathological response that persists even after the inciting insult is removed. To address this issue, we examined histological changes in the vascular wall-including the loss of IEL, media thinning, and bulge formation-at multiple time points and compared the histological morphometric findings with the timing of the hemodynamic insult, as indicated by calculations of WSS.
Methods
An overview of the experimental procedure is illustrated in Fig. 1 . Briefly, rabbits underwent either sham surgery or bilateral CCA ligation to induce high blood flow at the basilar bifurcation. At multiple time points, 3D angiography and TCD ultrasonography velocity measurements were performed, from which CFD was calculated to provide the hemodynamic force at the basilar bifurcation and the temporal variation of WSS. Rabbits were euthanized at various time points, and the basilar bifurcations were harvested for histological evaluation. Detailed methods are given below.
Animal Procedures
Twenty adult female New Zealand white rabbits (weighing 3-4 kg) underwent bilateral CCA ligation as outlined in the previous description of the creation of the basilar bifurcation model. 9 Two rabbits did not recover from surgery. Seizures developed in 1 rabbit on postoperative Day 4, and thus the rabbit was euthanized under animal care guidelines. All three of these animals were excluded from our analysis. The remaining 17 CCAligated rabbits were euthanized at 5 days (8 animals), 3 weeks (3 animals), 12 weeks (3 animals), and 27 weeks (3 animals) after ligation. Additional rabbits (5 animals) had sham surgery in which the CCAs were exposed but not ligated, and these animals were euthanized at 5 days (3 animals) or 12 weeks (2 animals) postsurgery. Selection of the rabbits for all experimental arms as well as the times that they were euthanized was randomized. The University at Buffalo Institutional Animal Care and Use Committee approved all procedures.
Angiographic Imaging and Hemodynamic Calculations. Three-dimensional rotational angiography of the posterior circulation was performed in all ligated animals on postprocedure Day 0 and just before euthanizing. To obtain WSS follow-up data, the 12-week group of animals underwent additional rotational angiography and TCD ultrasonography measurements of BA flow velocity at multiple time points (Days 0, 1, and 4 and Weeks 1, 2, 4, 8, and 12), as described. 17 These angiographic images were segmented as previously described.
30,31 Basilar artery diameters were measured on the segmented images, and the average WSS along the BA was calculated using the Poiseuille flow model described elsewhere.
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In one 12-week rabbit, CFD simulation was performed on segmented 3D basilar bifurcations at 5 time points (Days 0 and 1 and Weeks 2, 8, and 12) following previously described procedures, 30, 31 wherein TCD-measured BA velocity averaged over the cardiac cycle was used as the inlet boundary condition. From the CFD results, we calculated WSS distribution at the BT to verify that the temporal changes in WSS at the terminus were parallel to those at the BA.
Tissue Examination
Immediately after the animals had been euthanized, both vertebral arteries were perfused with phosphatebuffered saline and pressure fixed in situ at 150 mm Hg with 10% buffered neutral formalin for 30 minutes. After fixation, the basilar bifurcations were excised and embedded in paraffin. A series of 4-µm-thick sections were made through the BT, with the plane of the section parallel to the plane of blood flow. Two consecutive sections were selected from the BT tissue at 50-µm intervals and were stained with Van Gieson and trichrome stains to best identify the IEL and vessel wall media, respectively. The median pair of stained sections were then chosen for damage analysis. A priori, we defined IEL loss as an absence of IEL > 50 µm, which is distinct from IEL fenestration in normal vascular remodeling, observed to be < 50 µm in diameter. 42 Media changes were defined according to the degree of thinning observed in various models. 9, 16 Media thinning was defined as a > 30% loss of media, as compared with the average of media samples at 2 points (bilaterally) downstream from the area at which remodeling was noted. Media thinning length was determined by the sum of the lengths of all areas with media thinning that were > 50 µm long. The percentage of media thinning was derived from the average thickness of all areas meeting the criteria of media thinning as a percentage of the downstream average. Similar to media measurements, bulge length was defined relative to the observation of various models and was determined by summing the lengths of all areas with bulging that were > 100 µm long. Three trained evaluators performed histological examinations independently, and their individual data were averaged to generate the final measure for each observation.
An ADS was defined to quantify a lesion's resemblance to IAs observed in patients. The ADS was generated by summing the length of the vessel wall (mm) at the BT that contained all 3 of the above-described aneurysmal characteristics (IEL loss, media thinning, and bulging), multiplying it by the percentage of media thinning (to take into account the severity of wall thinning), and dividing by the BA diameter (to normalize for rabbit-torabbit variability in vessel size). Regions that did not contain all 3 of the aforementioned aneurysmal characteristics were not counted in the ADS. Therefore, an ADS of 0 would imply either normal eutrophic morphology or mild degradations that do not demonstrate all 3 aneurysmal characteristics. An increase in the score would indicate progressive aneurysmal development. The average BA diameter was measured from the histological sections that passed through the center plane of the artery.
Statistical Analysis
Measurements are presented as the means ± SEs. Statistical analysis was performed using the SysStat statistical package. A Kruskal-Wallis test with Mann-Whitney U-test post hoc analysis was performed, with statistical significance set at α = 0.05, for comparison of histological morphometrics. Linear regression analysis was performed to determine whether the destructive remodeling changes progressed over time. The IEL loss, media thinning length, media thinning percentage, bulge length, and ADS were each modeled as linear functions of time, with the criterion for statistical significance set at α = 0.05.
Results
Morphology indicative of aneurysmal destructive remodeling at the BT was observed in all 17 rabbits in the bilateral CCA ligation groups. Figure 2 shows histological sections of the BTs from the sham groups at 5 days after sham surgery and from the bilateral CCA ligation groups at 5 days and 3, 12, and 27 weeks after ligation.
Regardless of the end point, the sham surgery groups ( Fig. 2A and B) demonstrated normal BT wall morphology with a continuous and prominent IEL and a constant media with abundant SMCs. All measures of destructive remodeling (IEL loss, medial thinning, and bulging) had a 0 value. The basilar bifurcation apex was V-shaped and symmetric with a smooth lumen.
All 8 rabbits euthanized 5 days after CCA ligation had substantial periapical IEL loss in segments either flanking the apex or continuously extending from one side to the other, including the apex (Fig. 2C and D) . In some BTs, multiple isolated areas with mild media thinning and bulge formation were present. Except for the localized bulging, however, the overall geometry of the 5-day BT remained grossly similar to that of the shamsurgery animals, with a V-shaped apex.
The BTs at 3 weeks ( Fig. 2E and F) were grossly similar to those at 5 days. However, the shape of the apex changed, showing a less acute V-shape and more pronounced bulging.
At 12 weeks ( Fig. 2G and H) , IEL loss was sustained, and the media was visibly thinner over a greater length of vessel. Fewer cells were present in the media, with some regions of the BT being extremely thin (media thinning > 90%). Additionally, fewer larger bulges replaced the many small isolated bulges seen at earlier time points.
At 27 weeks ( Fig. 2I and J) , extensive tissue degradation was seen, with a large bulge assuming the appearance of a wide-necked low-aspect-ratio aneurysm. Smoothmuscle cells were depleted, and the wall was severely de- graded to a thin, collagenous layer. The percentage and length of media thinning and the bulge length continued to increase. At times, the thin apical wall on the histological sections had a floppy, wavy appearance, which could have represented a loss of wall tension when the vessel was no longer pressurized during tissue excision. Such a thin and weak wall would have had an outward bulge while under pressure that could have collapsed during the paraffin-embedding procedure.
To quantify the extent of the observed aneurysmal progression, 4 morphometrics-length of IEL loss, length of medial thinning, length of wall bulging, and percentage of media thinning-were measured along the basilar bifurcation on histological section and plotted as a function of time (Fig. 3) . Nonligated sham controls are presented as Day 0 data in this analysis. Because of the nonnormal distribution of the means and different variances with the time points, the nonparametric Kruskal-Wallis test was selected. The test was performed on the set of time points for each metric. Statistical results showed that a significant change existed between the set of time points for IEL loss (p = 0.039). Similarly, the set of time points for media thinning length (p = 0.001), media thinning percentage (p < 0.001), and bulge length (p = 0.008) were significantly different.
Given that all 4 metrics were shown to be different over time, post hoc Mann-Whitney U-tests were performed to evaluate comparisons of individual time points for a given metric. The p values (Table 1) showed that, for all 4 metrics (IEL loss, length of media thinning, percentage of media thinning, and bulge length), differences between sham and ligated animals at all other time points were significant. The length and percentage of media thinning showed more significant changes over time (between Day 5 and Week 27 for media thinning length, and between Day 5 and Weeks 12 and 27 for the percentage of media thinning) as compared with IEL loss and bulge length. The increased differentiation between time points reflects the generally lower variances seen in the media thinning length (Fig. 3B) and percentage of media thinning (Fig. 3D) trends over time.
The linear regression analysis demonstrated significant progression in most of the aneurysm parameters (media thinning length: β = 3.25, p < 0.0001; percentage of media thinning: β = 0.33, p = 0.001; and bulge length: β = 3.03, p = 0.01), typically in the areas that originally demonstrated IEL loss. Note, however, that the linear regression analysis did not demonstrate significance with IEL loss (β = 1.39, p = 0.22). The major extent of injury appeared to occur between 0 and 5 days, whereas less change occurred from 5 days to the 27-week end point.
To evaluate the timing of destructive remodeling relative to the hemodynamic insult, we compared the time course of local WSS with that of the ADS, as shown in Fig. 4 . Wall shear stress in the BA rose sharply following CCA ligation, peaking within 1-2 days, and returning to its preligation baseline by Week 5 (Fig. 4A) . 17 Given the difficulty of obtaining multiple angiograms of sufficient quality for image segmentation and CFD calculations in the same animal, only 1 series of WSS measurements at the BT was successful. The results showed that WSS at The BT had an intact apex with a complete IEL, a thick media with abundant SMCs, and an adventitia composed of a thick, dense collagen layer inside and a looser layer outside. C and D: Five days postligation. Internal elastic lamina loss was found in the apex. The wall presented mild bulging (upward indents) on either side of the apex with no obvious media thinning. E and F: Three weeks postligation. The IEL was disrupted, thinned, or completely lost over an extended segment that was comparable to findings at 5 days. Wall bulging and media loss appear to have progressed. G and H: Twelve weeks postligation. Loss of IEL is observed over 2 long segments, and the region that presented wall thinning had become longer and thinner compared with previous time points. A single deep and continuous bulge turned the wall "inside out," assuming an aneurysm appearance. The media layer in the dome (between red arrowheads in H) was completely lost, leaving only a thin, acellular collagen layer. I and J: Twenty-seven weeks postligation. Similar to 12 weeks but with a longer region of media thinning, a thinner acellular wall consisting of mostly collagen, and a wider aneurysmal bulge. Van the BT closely paralleled WSS in the BA, with a relatively rapid return to baseline levels (Fig. 4B) . In contrast, the ADS increased steadily and significantly (β = 0.15, p = 0.002) over time until the end of the study period and did so in an almost linear (R 2 = 0.91) fashion (Fig. 4C ).
Discussion

Relationship of Inciting Hemodynamics and Aneurysm Development
Data in the present study show that aneurysmal changes are identifiable as early as 5 days after a change in flow, with IEL loss being the most prominent early manifestation. In a related study from our lab, 32 flowinduced IEL loss at the BT, similar to that which we observed in the present study, explicitly localizes to areas of elevated WSS and positive WSSG, further indicating that these destructive changes are hemodynamically induced. We chose 5 days after CCA ligation as the first postprocedural time point for tissue examination because it allowed the animals to recover from surgery and definitive morphological changes to develop. To our knowledge, this is the earliest time point at which aneurysm initiation has been observed in an experimental IA model. Aneurysmal development at the BT advanced throughout the entire observed time period of more than 6 months (Fig. 3) , with the vessel wall becoming progressively thinner and bulging outward over a steadily increasing length. However, we previously reported that, in the BA, WSS returned to preligation baseline levels by Week 4 due to adaptive expansion of the BA. 17 If the posterior circulation were subject to similar global adaptive enlargement and attenuation of WSS, the hemodynamic insult at the BT should similarly decline; and we confirmed this by serial CFD analysis showing that WSS at the BT is indeed normalized within 4 weeks, with a temporal characteristic similar to that for the BA (Fig. 4) . Despite this attenuation in WSS, the progression of the ADS over time demonstrates that, unlike the adaptive outward remodeling of the BA, the aneurysmal development that occurs at the BT does not stop after the inciting WSS subsides, but continues for at least 6 months. We propose that the initial WSS elevation triggers early pathological vascular responses that exceed normal adaptive or reparative mechanisms, leading to a localized injury that then cascades and progresses to an aneurysm.
Our data show that IEL loss is a prominent early change, with most of the loss occurring during the initial 5-day window of hemodynamic insult. In all 5-day animals, the BT had extensive IEL damage in periapical vascular segments. Although media thinning and bulging were also present at this time, they occurred in only a portion of the IEL-loss segments. As time progressed, the total length of IEL loss demonstrated no further significant increase, but media thinning and bulge formation significantly expanded, eventually filling the entire region of IEL loss and extending beyond. Internal elastic lamina loss may represent early injury that persists to become the aneurysm initiation site. Destruction of this key structural element in the vessel wall requires local matrix degradation by specialized proteolytic activity of matrix metalloproteinases, 46 which may be associated with further local degeneration via inflammatory responses, [1] [2] [3] anoikis, 25 and/or altered mechanical stresses. 18 Wall shear stress is known to induce matrix metalloproteinase production by SMCs and endothelial cells. 29, 35, 37 We speculate that the unusually high WSS and the acute spatial gradient in WSS at the BT 39 can stimulate overproduction of matrix metalloproteinases that degrade the IEL and other components of the extracellular matrix of the vessel wall. Further investigation is required to determine the detailed biological cascades involved as well as whether these changes eventually progress, leading to the formation of a true IA.
Value of the Rabbit CCA-Ligation Model
Although it has long been speculated that hemodynamic stresses play a key role in the initiation of an IA, 7, 13, 14, 38, 45 most existing experimental systems are inadequate for evaluating the role of hemodynamics in the process. There is a substantial paucity of knowledge regarding IA initiation in general, in part because the initiation is seldom captured in patients or in experimental models.
Intracranial aneurysms have been induced in rodents and primates, 13, 24 but these models are unsuitable for studying hemodynamic contributions because of the confounding factor of hypertension in addition to hemodynamic modification, the small caliber of intracranial arteries in rodents, and the prohibitive cost of primates. To elucidate the role of hemodynamics in IA pathogenesis, we used an aneurysm model in rabbits 9 that revives a little-cited 1963 report by Hassler.
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The use of rabbits in our surgical model imposed significant logistic and economic limitations relative to those in rodent systems, but it was necessary to obtain adequate imaging for CFD and hemodynamic stress distribution. 32 We acknowledge the consequent small number of animals examined at each time point in our analysis in general; however, we wish to emphasize that the major trends were observed over multiple time points and that statistically significant differences were demonstrated between the cohorts.
The BT aneurysms induced by CCA ligation in our system are highly analogous to IAs that are occasionally observed clinically in patients experiencing incidental occlusion of the CCA. 12,44 A prospective study of 100 patients referred for angiographic assessment of carotid artery stenosis revealed that 9 of them also had IAs.
12 Besides naturally occurring stenosis, some therapeutic interventions (for example, occlusion of CCAs with coils, glue, or balloons and resection of an arteriovenous malformation) and vasospasm after hemorrhage of a preexisting aneurysm are also associated with contralateral or collateral flow increase and subsequent IA formation.
4,44
Some examples have been described in a recent case report documenting a de novo basilar apex aneurysm discovered 12 years after bilateral traumatic carotid artery dissection, 27 and in an earlier case study reporting the development of a posterior cerebral artery aneurysm 5 years after contralateral carotid artery occlusion. 41 It has been surmised that such de novo IAs formed after major occlusions or surgical procedures are caused by the accentuated hemodynamic stresses. 41 In fact, approximately 60 such de novo cases have been reported in the literature.
26
Thus, our rabbit CCA-ligation model not only enables us to examine the time course of aneurysmal remodeling in response to a hemodynamic insult, but may provide insight into the pathogenesis of clinical de novo IAs formed because of major occlusions.
It should be noted that, while qualitatively relevant, the BT aneurysms observed in our model are most certainly subject to a specific hemodynamic environment that is different from that seen in clinical presentations or in other intracranial locations, such as the anterior communicating artery or middle cerebral artery. Nonetheless, we believe that the lessons learned from these data can provide insight into the pathophysiology experienced in other situations. In addition, although most patients with IAs have probably never experienced such a marked flow increase as in this rabbit model, they might have compromised biological functions that would reduce the thresholds of the onset of pathological responses to hemodynamic insults. Using only flow manipulation and in the absence of other risk factors, it is our hope that these data demonstrate the importance of hemodynamics and pave the way for further elucidation of IA mechanisms involving more complex interplay.
Aneurysm Development Score as a New Tool for Experimental Aneurysm Quantitation
Examining aneurysm progression requires the creation of an appropriate metric to compare different samples. Multiple research groups have used different grading systems, 8, 19, 23 but these systems are qualitative and not reproducible. In contrast, the ADS we introduced here was designed to be a quantitative descriptor of an experimental lesion's closeness to an IA. The IEL damage, SMC thinning, and bulge formation included in the score are measurable quantities that are present in IAs. It is important to note that none of the individual characteristics alone accurately indicates an IA, as other diseases or conditions exhibit some of these characteristics. For example, IEL damage can occur in giant cell arteritis. 40 Smoothmuscle cell thinning/loss and IEL damage are present in dolichoectasia, in which vertebral and basilar arteries develop tortuosity. 28 Finally, several conditions result in vessel bulging. With pseudoaneurysms or vessel dissection, vessel bulging occurs between arterial wall layers; 11 and in abdominal aortic aneurysms, there is bulging of the vessel, which is frequently accompanied by thickening of the vessel wall.
36
The ADS also takes into consideration the lack of general agreement on what is considered a true IA in experimental models. Drawing the line between a fully developed and a developing IA in a model has always been somewhat subjective. For example, Fukuda et al. identified "mature aneurysm formation" simply where outward bulging was detectable via light microscopy, whereas Jamous et al. 19 defined "saccular aneurysm" with additional histological descriptors, including endothelial cell loss, SMC migration, and macrophage infiltration. Our ADS was established without making an explicit distinction between developing and fully developed an- eurysms, lending itself to a further degree of universality, we hope.
Limitations
We encountered difficulties in obtaining high-quality multiple angiograms in the same rabbit because of restrictive multiple access points. We used a combination of femoral artery access (2 times), ear access, and direct carotid artery access, as described elsewhere, 30 some of which can only be used once during the lifetime of an animal. Nonetheless, we were successful in obtaining serial image segmentation and CFD in 1 rabbit at multiple time points, which was sufficient to confirm that the temporal WSS trend in the BT matched that seen in the BA (Fig. 4B) .
Even though we kept the individuals who performed histological measurements independent of each other and strived to be as unbiased as possible, given the paucity of histological samples and the recognizability of certain features, some samples could be identified regardless of blinding. Therefore, despite efforts to ensure that the ADS calculation and histological analysis were performed as objectively as possible, potential observational biases may exist.
Conclusions
In summary, we altered flow in the cerebral vasculature of rabbits to show that hemodynamic insult can elicit a pathological vascular response leading to selfsustaining aneurysmal remodeling that does not require the original inciting factor to be continuously present. Hemodynamic insult is followed by rapid IEL damage as early as 5 days after the insult. Thereafter, aneurysmal changes continue to progress, with increasing degrees of media thinning and bulge enlargement, even after the inciting hemodynamic stress has returned to baseline levels and the progress of IEL damage has halted. We applied a novel metric to obtain a quantitative and reproducible method of describing progressive IA changes.
Intracranial aneurysm development is a complex biological response reflecting the interplay of various inherited and acquired factors. 33 This study does not elucidate the causative factors of IA formation in humans, but rather serves as a model for that particular contribution of hemodynamics alone. Additional characterization of the complex multicausal nature of this destructive remodeling cascade is needed.
